From a sample of young male Californians, ten speakers were selected whose voices were approximately normally distributed with respect to the "easy-to-remember" versus "hard-toremember" judgments of a group of raters. A separate group of listeners each heard one of the voices, and, after delays of I, 2, or 4 weeks, tried to identify the voice they had heard, using an open-set, independent-judgment task. Distributions of the results did not differ from the distributions expected under the hypothesis of independent judgments. For both "heard previously" and "not heard previously" responses, there was a trend toward increasing accuracy as a function of increasing listener certainty. Overall, heard previously responses were less accurate than not heard previously responses. For heard previously responses, there was a trend toward decreasing accuracy as a function of delay between hearing a voice and trying to identify it. Information-theoretic analysis showed loss of information as a function of delay and provided means to quantify the effects of patterns of voice eonfusability. Signal-detection analysis revealed the similarity of results from diverse experimental paradigms. A "prototype" model is advanced to explain the fact that certain voices are preferentially selected as having been heard previously. The model also unites several previously unconnected findings in the literature on voice recognition and makes testable predictions.
situations than closed-set formats; moreover, as we shall demonstrate below, it yielded data that ultimately proved revealing of the processes underlying listeners' judgments. Clifford (1980) states that "experimentation in this area is characterized by the lack of generalizability, by the lack ofcomprehensiveness; by the lack of a sound theoretical or explanatory perspective" (for similar sentiments, see also Brieker and Pruzansky, 1976). It is our purpose to remedy these deficiencies by providing appropriate data, analysis, and theory, and to do so in the context of an experiment that allows us to interpret our results in terms of realistic situations.
I. METHOD
A. Initial speaker selection Twenty-two male speakers were recruited by means of an advertisement in the UCLA campus newspaper. Speakers ranged from 19-31 years of age. All had lived in California at least since adolescence and were without regional accent other than typical of California, as judged by the authors.
B. Voice samplers and recording procedures
The speakers were recorded while making telephone survey calls. This technique allowed the recording of a controlled text in the context of interpersonal interaction and resulted in natural-sounding speech samples. The topic of the survey was attitudes toward crime. It included statements and questions of varying lengths and structures.
Recordings were made in a quiet office on a Uher 4200 reel-to-reel tape recorder j on low print-through tape at 7 • in.
per second. The interviewers were not recorded through the telephone; instead, they were recorded with a high-quality dynamic microphone that was attached to the telephone mouthpiece. Good-quality recordings were thus obtained while allowing the interviewers to engage in normal telephone conversations. Only the interviewer's voice, and not the voice of the interviewee, was recorded.
In order to sample within, as well as between, speaker variability in voice quality and speech mannerisms (see Stevens, 1972; Nolan, 1983) , each interviewer made four survey calls, two in each of two sessions at least I week apart. Two of the four survey calls--one from each recording session--were selected for each speaker. The calls were selected on the basis ofnaturalness, fluency, conformity to the text, and lack of extraneous comments. All interviewers occasionally strayed from the text of the survey to comment on the answers, to ask further questions, and so on. To maintain constancy of the material presented to the listeners, these digressions, as well as lengthy pauses and excessive numbers of filled pauses, were edited out of the two calls selected.
However, hesitations, false starts, disfluencies, most filled pauses, minor untilled pauses, and minor rewordings were not edited. The edited recordings were transferred to cassettes for convenience in playing them to listeners. The edit- C. Final voice selection: "Easy-to-remember" versus "hard-to-remember" ratings Pilot tests suggested that listeners can attend to only about ten voices in a single listening session. Therefore, seven speakers who strayed too far from the script or whose speech mannerisms did not match those of the other speakers, in the judgment of the experimenters, were eliminated from further consideration. The following procedure was applied to select among the remaining 15 voices.
Five groups of ten listeners were asked to rate, for each of the 15 voices, how easy or hard they thought the voice would be to remember. The raters were told that all speakers were young male Californians. They responded on a sevenpoint scale, with 1 meaning "very easy to remember" and 7 meaning "very hard to remember." Each group of ten raters heard the voices in a different random order. Only the first half of the survey call was played, since pilot tests suggested that this was sufficient for the judgment required. Raters also heard one practice voice not used later in the test to familiarize them with the text and procedures.
Two tests of the reliability of agreement among raters were performed. First, raters were divided at random into two groups, and the mean rating for each voice was calculated for each group. These mean ratings were significantly correlated for the two groups; Pearson's r = 0.73, with 13 dr, p < 0.001. Additionally, to examine the effect of presentation order on ratings, a two-way (voices X presentation order) fixed effects ANOVA with repeated measures on voices was performed. The effect of voices on ratings was significant [F( 14, 630) --9.408, p < 0.01 ], as was the voice X presentation order interaction; F(56, 630) = 2.433, p <0.01. No other effect, including the main effect of presentation order, was significant at the 0.05 level. Ratings for each voice were totaled across presentation orders and standardized. A plot was made of standardized scores versus the rank order of the voices on the easy-toremember versus hard-to-remember ratings, and obvious outliers were eliminated. Two voices that were described as accented by an appreciable number of raters were also eliminated. Finally, those ten voices that most nearly approxi-listeners; each group heard only one target voice. Groups of five or fewer listeners heard the recordings on a good-quality cassette player (Marantz model PMD 360) in a quiet room.
The listeners were told that they would hear the voice of a young male Californian, and they were asked to pay very dose attention to the voice, since they would later hear a group of voices and would have to decide if the presented voice was in it or not, and if it was, to identify it. Listeners then heard one complete survey call taken from the speaker's first recording session.
For each target voice group, ten listeners returned after 1 week, ten listeners returned after 2 weeks, and ten listeners returned after 4 weeks. When they returned, the listeners were informed that they would hear ten recordings of young male Californians, all taking the same telephone survey that they had heard previously. They were told that the voice they heard at the previous session (the target voice) might appear once, more than once, or not at all. They were told that, if the target appeared, they would hear a different recording of it than they had previously heard.
In reality, listeners heard each of the ten voices described above, including the target voice, once only. The voices were played in one of two orders: the second was the reverse of the 'first, with the exception that the target voice appeared in seventh position in both orders. Full survey calls were played for every trial. The calls made at the speakers' second recording session were used in this phase of the experiment, so the listeners did not hear the same recording twice.
At each of the three delays, three groups often listeners each heard the voice that they had heard previously. They also heard nine voices they had not heard previously. Thus the experiment yielded 300 data points at each delay and 900 data points altogether.
For each voice, listeners were to indicate whether or not it was the voice they had heard at the first listening session.
They were also to indicate how certain they were that their answer was correct by using a scale of ! to 5, where 1 meant "extremely certain the answer is correct," and 5 meant "extremely uncertain the answer is correct." If they thought the probe voice was different from the previously heard voice, they were asked to use a five-point scale to indicate how similar the probe voice was to the previously heard voice. The similarity judgment data will not be reported in this article. A separate answer sheet was provided for each voice. It was turned over before the next voice, and listeners were not allowed to turn back.
II. RESULTS

A. Correct identifications and false identifications
The number of correct identifications and false identifications for each of the target voices when it was a target at each delay interval is shown in Table I. As mentioned above, listeners were asked to rate their confidence in each of their answers on a scale of 1 to 5. We will mark those certainty judgments for which listeners claimed they had not heard the voice previously with minus signs. Thus combining listeners' confidence ratings with their heard previously/not heard previously responses yields a ten-point scale ranging from certainty + 1 heard previously (i.e., extremely certain that the voice is the voice heard previously) to certainty --1 not heard previously (i.e., extremely certain that the voice is not the voice heard previously).
B. Independence of successive judgments
Listeners were instructed that the voice they heard at the first listening session might occur once, many times, or not at all during the second listening session; hence, by implication, they were to make each judgment independently of all others. Nonetheless, the experimental design leaves open the possibility that listeners' judgments might be influenced by their previous judgments. For example, one might expect that listeners who had already identified one voice as the target (whether correctly or not) would be less likely to claim that any of the remaining voices was also the target. As well as being of interest in its own right, this issue is of importance because the information-theoretic and signal-detection analyses we apply below depend on the assumption of independence.
Therefore, to test the hypothesis of independence, we 
C. Probabilities that responses are correct or incorrect
An issue of immediate interest is the probability that a listener's response at a specified level of certainty is correct or incorrect. This is found by applying Bayes' rule: ) = [ P(yj Ix,) ] ) ]/P(yj ), where x• is the voice that was heard previously, x2 are the other voices, y• is the response heard previously, andy 2 is the response not heard previously. In applying Bayes' rule to these data, we treat the certainty levels as sequences of partitions. Hence, at certainty level + 1, we include only the data for certainty + 1 (extremely certain heard previously); at certainty level + 2, we include the data for levels + ! and + 2, and so on. For this analysis, we sum the heard previously responses left to right, from + 1, "extremely certain heard previously," through + 5, "uncertain heard previously," and we sum the "not heard previously" responses right to left, from certainty --1, "extremely certain not heard previously," through --5 "uncertain not heard previously." By summing the data this way, we assess the heard previously and the not heard previously judgments separately, each as a function of certainty. In effect, the certainty levels are interpreted as sequences of thresholds, with each subsequent threshold less stringent than its predecessor. According to this interpretation, any judgment that passes a relatively To examine the significance of the apparent trend over time, the bootstrap simulation was run with flat input data, i.e., with data such that three identifications and 30 rejections were ascribed to each partition at each delay. For the heard previously results, we asked how frequently fiat input data would yield the result that the three curves are ranked in descending order as a function of delay at all five points, as was the case for the experimental results. If the points were independent, the probability of the observed ordering would be one-sixth to the fifth power, or 0.00013; however, because the data are summed, the probability that the points at each succeeding partition will be in the observed order is influeneed by the order of the points at the previous partition. The bootstrap model incorporated the effect of summation. With one million bootstrap iterations, the probability that all five points would lie in the observed order was found to be 0.014 (see footnote 2). For the not heard previously responses, only the curves for the two longer delays are in the predicted order. These curves are defined by relatively few responses, especially at the 1-week delay, and are therefore relatively unstable. Consequently, we make no claim with respect to the trend over time for the not heard previously results.
O. Information-theoretic interpretation
In an information-theoretic interpretation of this experiment, the listeners' memories are considered to be a cornmunications channel that can lose the capacity to transmit information over time. More precisely, the communications channel is considered to be the listeners' ability to discriminate their memory of the voice heard previously from their perceptions of other voices, within the context of the experimental task. In this analysis, the input to the communications channel consists of the voices presented at the second listening session. The listeners' responses constitute the output of the channel. The target voice defines the correct output, and thereby presumably affects the transmission characteristics of the channel. The voices presented at the second listening session constitute a set of symbols that are transmitted to the output. To the extent that their responses do not consistently reflect the input, the listeners are said to be losing information. An information-theoretic analysis differs from the other analyses we present in that it incorporates the effects of the experimental task as part of the channel and can reveal the effects of differing degrees of confusability among the nontarget voices. We show in this section that these effects are more pronounced when listeners use laxer criteria for selecting the voice heard previously, and when results with different nontarget voices are considered separately. For expositions of information theory and deriva- 
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Thus the RIT is a measure of the categories actually distinguishable at the output relative to the categories potentially distinguishable at the input. The relative information transmission for each of the three delays is shown in Fig. 4 . The standard deviations about each point were computed by means of a bootstrap simulation with one million iterations. At each bootstrap iteration, the slope of the regression of relative information transmission on delay was calculated. By this calculation, we find the probability that the linear decline is not negative to be less than 0.032, thus indicating that relative information transmission declines as the delay between voice presentation and identification increases. Figure 5 shows the relative information transmission for each of the target voices. Note that the results do not appear to be in the direction predicted by the group of listeners who rated the voices as easy or hard to remember. We will return to this issue below.
We now consider the experiment as a task of classifying ten input stimuli (rather than two input stimuli, as above} into two response categories. Since at the second listening session each of the ten voices was presented once to each listener, the amount of information in the source is Minimum information loss for this system does not, however, correspond to ideal performance in the sense just defined. Rather, minimum information loss occurs when the inputs are apportioned among the outputs in such a way that they are maximally distinguished within the limits set by the task. In this system, this would occur when listeners said heard previously to half of the voices presented and not heard previously to the other half. In an information-theoretic analysis, the distribution of responses affects the amount of information that is transmitted. The task constrains the way in which the answers can be distributed, thereby limiting the amount of information that can be transmitted. Therefore, the task must be regarded as part of the channel. 
E. Signal-detection interpretation
In a signal-detection interpretation of this experiment, we consider the voice that was heard at the first listening session to be a signal that the listener is trying to detect. All voices other than the signal voice are considered noise, and detection consists of distinguishing the signal voice from noise voices. As above, we treat the certainty levels as a basis for cumulative partitions of the data, and interpret the partitions as a sequence of thresholds. In a signal-detection analysis, the cumulative partitions of the data are interpreted as a single sequence of thresholds ranging from the most stringent criterion for the acceptance of a token as a signal ( + 1 certain heard Previously) through the laxest criterion for acceptance of a token as a signal ( -1 certain not heard previously Receiver operating characteristic (ROC) curves characterize the signal-detection capabilities of the receiver--in this case, the listeners. An ROC curve shows the cumulative probability P(y• Ix• ) (the probability that listeners correctly identified a voice that they heard previously) on the ordinate against the cumulative probability P(y• Ix2) (the probability that listeners falsely identified a voice as having been heard previously) on the abscissa. We coalesced the data into three partitions, the minimum number necessary to perform an ROC analysis, thus achieving the most stable estimates of detection sensitivity at each delay at the expense of information about the effects of the individual certainty levels. The areas beneath the binormal ROC curves for each of the three target voices, with the data collapsed over the three delay intervals, are shown in Fig. 11 .
The pattern of areas beneath the curves may initially seem surprising in view of the predictions made by the independent group of listeners who rated the voices as to whether they would be easy or hard to remember. However, in the following section, we will show that the pattern of the areas beneath the ROC curves is, in fact, consistent with those ratings.
F. Easy-to-remember versus hard-to-remember ratings: A "prototype" interpretation
We turn now to a more detailed analysis of the voices in terms of their easy-to-remember versus hard-to-remember ratings, and we present an interpretation of the analysis. target voices when it was a target, i.e., when it was the voice that had been presented at the first listening session. Thus the false identifications shown in Fig. 12 are instances in which some other voice was taken to be the voice indicated.
The number of correct identifications is essentially the same for each of the voices. However, there appears to be a trend toward increasing numbers of false identifications for voices that were rated easy to remember. The correct and false identifications are shown separated by voice and delay in Table I . The significance of the trend toward more false identifications for target voices that were rated easy to remember was tested by the rank-order test Page's L for related samples (Meddis, 1984, pp. 221-224) ; L = 41, p < 0.05. The larger number of false identifications engendered by those voices rated easier to remember is the immediate reason that they transmitted less information and were harder signals to detect than were those target voices that were rated hard to remember. Figure 13 shows the number of times that each of these three voices was correctly or incorrectly identified as the target when it was a probe, i.e., when it was presented at the second listening session. Thus the false identifications shown in Fig. 13 to-remember ratings, and on the ordinate by the number of times each voice was falsely identified as the target. The results were normalized to reflect the lower frequency of the three target voices as potential false identifications. By Spearman's rho, the correlation between the two orderings is 0.77; p < 0.01. Thus we see that listeners are more likely to believe erroneously that they have heard hard-to-remember voices previously than to believe erroneously that they have heard easy-to-remember voices previously. Additionally, we calculated the correlation between average certainty that a voice had been heard previously with its "easy/hard" rating: Pearson's r = 0.72, p < 0.05. In other words, listeners were, on average, more certain that they had heard hard-to-remember probe voices previously.
These results are explicable on the basis of two factors. First, there is a tendency for listeners to maintain a constant rate of correct identifications (Table I, The second factor is the hypothesis that the easy-to-remember voices have relatively unstable representations in memory; hence, their representations decay over time so that they become increasingly similar to, and hence more confusable with, those of the hard-to-remember voices.
Thus, if subjects maintain a constant hit rate over all target voices, the number of false identifications will be higher for the easy-to-remember than for the hard-to-remember target voices. This accounts for the result shown in Fig. 12: The features of an easy-to-remember voice that distinguish it readily from other voices are relatively soon lost from memory. As a probe, however, a voice has all its features available to the listener at decision time. Therefore, the probes rated easier to remember will be less frequently mistaken for the target voice than those rated harder to remember. This accounts for the results shown in Figs. 13 Using somewhat different terminology, Evans and Arnoult (1967, p. 221) explain that "[A] schema is a rule describing a prototype, and a schema family is a population of objects which may be efficiently described in terms of deviations from the prototype." Attneave ( 1957, p. 81 ) offered the example that "a figure which may be described as a 'square with a nick on one side' is easier to learn than most other seven-sided polygons because the schema 'square' is simple, familiar, and unambiguous, and the correction, 'with nick in one side' is easily and clearly specifiable." According to this interpretation, nonprototype voices may be effectively characterized in terms of prototypes and deviations there- weeks." Therefore, we should expect that voices which more nearly approach prototypes will be better retained in memory than nonprototypical voices.
According to this line of reasoning, the hard-to-remember voices are prototypes with respect to the other voices in the study. This interpretation is in accord with our findings that probe voices rated hard to remember were more often identified as the target voice than probe voices rated easy to remember, and that listeners were more confident of their heard previously responses the harder to remember a probe voice was rated. Further in accordance with this interpretation, we hypothesize that what listeners remember is a characteri,zation of the voice they heard in terms of a prototype and deviations therefrom. As times passes, listeners lose information about the manner in which the voice they heard deviates from the prototype; in effect, memories of easy-toremember voices slide toward prototypicality. The process constitutes a psychological analog to statistical regression to the mean. This interpretation accounts for the overall pattern of asymmetries of errors in the data. When hard-to-remember voices are targets and easy-to-remember voices are probes, there will be relatively few errors because the stable target voice characteristics as well as the immediately present probe voice characteristics are available to the decision. In the converse case, however, an easy-to-remember target voice will lose some of its characteristics. Hence, when a prototypical voice is used as a probe, more errors are to be expected. This trend was tested on the data from the top half of Table II , in which we should expect a drift from few errors at the bottom left to more errors at the upper right. A regression using the row X column interaction as the independent variable, and the number of errors in each cell as the dependent variable, confirms this hypothesis: t •-2.71, with 25dr, p<0.012.
The prototype model of voice recognition also provides a unifying explanation for other previously unconnected findings in the voice recognition literature. For example, it has been found in paired-comparison experiments that the confusability of pairs of voices is not symmetrical (Bricker and Pruzansky, 1966; Dukiewicz, 1970; Thompson, 1985) . In forced-choice experiments, such as those cited, a differential tendency to remember prototypical voices over other voices would result in asymmetries such as were observed in those experiments.
Another finding consistent with the prototype model is that listeners take a fundamentally different approach to recognizing familiar and unfamiliar voices, as indicated by studies of brain-damaged and normal subjects, which suggest that injury to either hemisphere impairs the ability to discriminate unfamiliar voices, but only injury to the right hemisphere impairs the ability to recognize familiar voices (Van Lancker et al., 1985; Van Lancker and Kreiman, 1987) . It is a natural extension to the prototype model to suggest that, whereas unfamiliar voices are recognized in terms of the prototypes plus deviations, familiar voices are recognized by deviations alone. In other words, when listen-ers become familiar with a voice, they learn its idiosyncracies and no longer perceive it with respect to a prototype. Attneave (1957, p. 81) explains how the prototype model can account for the fact that viewers are less accurate in remembering faces or groups of people with whom they are generally unfamiliar: "If the observer has some subjective standard of the human face which he has obtained by 'averaging' the faces of Americans, he may learn a new American face in terms of the manner and degree in which it deviates from this schema (eft Woodworth's 'correction'). If he is suddenly thrust into a Chinese population, however, his standard will no longer be central, and the new faces will all deviate from it in more or less the same direction." By an analogous argument, the prototype model of memory for voices explains the fact that speakers with dialects unfamiliar to the listener are harder to remember than speakers of familiar dialects (Ho!lien et al., 1982; Goldstein et al., 1981; Thompson, 1987 ).
The prototype model makes testable predictions. In particular, in terms of the voices used in the current study, the prototype model predicts that, with repeated exposure to the targets, the listeners would learn to attend to and remember the deviations that characterize each voice without regard to their relationship to a prototype. Then, the relative accuracy for the easy-to-remember voices as compared with the accuracy for the hard-to-remember voices would reverse from the findings of the present study. A more tentative prediction is that, in a study of short-term memory, such as an ABX task, listeners will attend to the idiosyncratic characteristics of each voice; therefore, we would expect greatest accuracy for those pairs in which easy-to-remember voices are compared.
The prototype model also predicts that, at very long delays, listeners will perform at worse than chance levels, because they will select prototypical voices instead of voices they originally heard. We note that, at 5-months' delay, McGehee's listeners achieved only 13% accuracy, whereas chance accuracy would have been 20%. The statistical significance of this result is unclear, however, especially because McGehee took care not to place the targets in positions usually chosen by chance alone.
There are a number of formulations of theories of prototypes and related models {e.g., Bartlett, 1932 Finally, the prototype interpretation is consistent with the predictions of neural network models of learning (see, e.g., McClelland and Rumelhart, 1985) . In a neural network model, the prototypes would represent the voices at the bottoms of basins of attraction. As information about nonprototype voices was lost, they would be identified as the voices at the bottoms of the basins of attraction. Thus there is a plausible and realizable computational model that supports the interpretation we have offered in this section.
